The DSC thermograms and X-ray analyses reveal stress relaxation and partial crystallization below 500 K while grain growth of the nanocrystals occurs predominantly after heating to temperatures above 573 K. Along with the amorphous phase crystallization, a continuous growth of pre-existing nanocrystals that are retained after HPT was observed. The DSC signals observed during continuous heating experiments indicate an unusually large separation between the crystallization and the growth stages. A detailed analysis of the evolution of the enthalpy release upon annealing reveals reproducibly non-monotonous trends with annealing temperature that cannot be explained solely with nucleation and growth of crystalline volume fractions. Instead, the results can be rationalized by assuming a reverse amorphization process occuring during annealing at 523 K. This behavior, that also causes a large variation of the nanocrystals size after annealing at higher F o r P e e r R e v i e w O n l y
Introduction
The intermetallic compound NiTi also known as "Nitinol" with near equiatomic composition of Ni and Ti has drawn much interest for its ability to be used, because of its unique combination of thermal shape memory effect, superelasticity and good damping [1] [2] [3] [4] [5] . Nitinol has many attractive service applications, particularly in the field of biomedical technology such as, dental archwires, bone staples, endoscopic instruments, stents and surgical retractors [6, 7] .
The development of nanocrystalline Nitinol has been the subject of intensive research, because fine grained or nanocrystalline material shows a variety of different and improved properties compared to the conventional coarse-grained polycrystalline material [8] [9] [10] [11] [12] [13] [14] [15] [16] . Recently, bulk nanocrystalline NiTi has attracted much interest as a high-tech material, showing enhanced shape memory behavior and superelasticity with ultra high recovery stress [9, 10] . HPT (high pressure torsion) is one of the methods that allow obtaining nano-structured materials with new and unique properties and small grain size [11] . Combining HPT and subsequent annealing treatments one can tune the grain size and as a result the properties of the material can be controlled [12] [13] [14] . One prominent example is the size effect that can significantly shift the transformation from the cubic B2 high temperature phase to the monoclinic B19' martensite; grains with a size less than 50 nm can even lead to the complete suppression of the transformation [15, 16] . [17] [18] [19] [20] , melt spinning (MS) [21] [22] [23] [24] and cold rolling [25, 26] .
Crystallization of the amorphous thin ribbons leads to microcrystalline structures [18, 19] . Contrary to these results, crystallization at low temperatures of the NiTi alloy made amorphous by HPT leads to nanocrystalline structures [12, 13, and 27] .
Sergueeva et al. has investigated the structural changes in a NiTi alloy produced by HPT by in-situ heating in a transmission electron microscope (TEM) [12] . Very recently M. Peterlechner et al. also studied the crystallization of a HPT-processed NiTi alloy [27] . In the previous studies it has been reported by DSC and in-situ TEM that the crystallization of HPT deformed NiTi started at temperatures lower than 473 K and finished at 673 K and there was a continuous increase in the crystalline volume fraction during heating as well as annealing. The present study is aimed to analyze if the crystallization and the growth transformations are truly monotonous in temperature and to investigate the crystallization and the related structure changes in detail during annealing of amorphous NiTi alloy produced by HPT, using DSC, XRD and TEM.
Experimental details

Material
In the present study, a NiTi alloy with a composition of Ni 50. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w  O  n  l  y   5 discs cut from the quenched rod were subjected to HPT under a pressure of 5 GPa to a true logarithmic strain of 6, calculated by using the following formula:
Where ε is the logarithmic strain, θ is the rotation angle in radians, r is the radius and l is the thickness of the disc. 
Characterization
Calorimetric measurements were performed by differential scanning calorimetry (Diamond DSC, Perkin-Elmer) under Ar atmosphere. A consecutive of DSC scans was recorded with the same specimen with a heating rate 10 K/min with a continuously increasing final temperature in the range from 453 K to 723 K. One hour annealing at the final temperature followed each of these DSC scans. In detail, the data were collected according to the following scheme:
(a) The as-prepared sample was heated to 453 K with a heating rate of 10 K/min followed by isothermal annealing for 1 h. After annealing, the sample was cooled down to 323 K using a cooling rate of 100 K/min.
(b) Immediately after the first run, the same sample was heated to 523 K, isothermally held at 523 K for 1 h, and subsequently cooled down to 323 K. (d) In this way, the same sample was heated to a consistently higher pre-selected temperature ranging from 453 K to 723 K followed by annealing for 1 h. The heating and cooling rates of 10 K/min and 100 K/min, respectively, were systematically used in each cycle.
In such a way, the thermally activated processes occurred during isothermal holding treatments could consistently be examined, avoiding uncertainties related to transient regimes during switching from heating to isothermal holding.
A second type of DSC scans was recorded to determine the heat release during annealing (δH) at temperatures ranging from 453 K to 623 K by using different samples. The following measurements were performed:
(1) One sample was continuously heated from 323 K to 723 K and the total heat release δH total was measured, Fig. 1a . The reproducibility of the signal was proven on different samples. For each sample, two identical DSC runs were carried out. The second run was used as a baseline, which was then subtracted from the first run to obtain the irreversible In order to monitor the microstructural evolution, X-ray diffraction was performed subsequently using a Siemens D5000 diffractometer with CuK α radiation (λ = 1.5406 Å) operating at 40 kV and 40 mA. These XRD spectra were recorded in the 2θ range from 25° to 90° with a scan speed of 0.2°/min and increments of 0.02°.
The TEM measurements were performed on as-prepared and thermally treated samples using a Libra FE200 and a Tecnai F20, transmission electron microscope.
Specimens for transmission electron microscopy (TEM) were prepared by electropolishing using a solution of HNO 3 (65%) and CH 3 OH in the ratio of 1:2 by volume. The electrolyte was cooled to -20 °C and the voltage applied for thinning was 10 V. Note that the selected area electron diffraction (SAED) images recorded on the Libra FE200 microscope contain artificial features due to the switching of the mechanical shutter when ultra-short exposure times were used for the CCD-camera.
This is a machine-related problem and can not be completely avoided. However the artifacts do not corroborate the diffraction pattern and thus main message of SAED images is clearly seen and is not affected by these artifacts.
Results
TEM
The as-prepared samples consist of both a minority nanocrystalline and a majority amorphous phase after HPT, where the structure of the crystalline fraction Afterwards, the microstructures of these samples were analyzed by TEM. Fig. 3a-b show that after annealing at 373 K and 453 K, the crystalline fraction is increased compared to the as-prepared specimen at RT (Fig. 2a) but still a significant amorphous fraction existed, as verified by the diffuse halo of the diffraction pattern.
The diffraction patterns obtained on the samples after annealing at even higher temperatures indicates that the sample is mostly crystalline after annealing at 523 K, although the bright field TEM image looks similar as the one obtained after annealing 
DSC and XRD
A typical calorimetric signal measured on as-deformed nano-NiTi is shown in Fig. 1a .
Two exothermic processes can be distinguished; one starts at about 373 K and the second starts at 573 K with a peak heat release at 626 K (at a heating rate of 10 K/min), (Fig. 1a) . A set of isothermal treatments (Fig. 4 ) always using the same specimen has been done by heating the sample with a constant heating rate of 10 K/min to sequentially higher temperatures ranging from 453 K to 723 K followed by isothermal holding for 1 h at each annealing temperature. There is an exothermic event on the signal during the first heating run to 453 K, where the area of this peak corresponds to the enthalpy δH I = 3.4 J/g. This exothermic peak is related to stress relaxation and the onset of the crystallization, as confirmed by the DSC scan in Fig. 4 and the TEM image shown in Fig. 2b .
The XRD spectra of as-prepared specimen (Fig. 5) , indicate a shoulder peak at 2θ = 39.8° along with the peak corresponding to the partially amorphous phase at 2θ = 42.3°. The TEM examinations of Fig. 2 and Fig. 3 show the clear absence of the R-or B19´ phase. A layered structure consisting of neighboring bands of amorphous and partially crystalline phases is observed too, -a finding is consistent with the results of Peterlechner et al. [28] . Based on these findings, we may suggest that the shoulder peak corresponds to a (deformed or strained) B2 NiTi phase appearing as separate bands in the microstructure. The corresponding difference in the lattice 
where E is the Young modulus, ν is the Poisson ratio. Taking Young´s modulus of the NiTi alloy as 49 GPa [29] , the maximum residual stress in the alloy is estimated as 4
GPa that is a reasonable value for a sample deformed at 5 GPa. The reduced heat required to relax this stress, U, is 1.38 J/g, calculated as:
Here, ρ is the density of the NiTi alloy. This estimation fits reasonably the DSC measurement (the heat release is obtained as: δH I = 3.4 J/g, during heating to 453 K, Fig. 4 ). Therefore, we conclude that heating to 453 K results in a degeneracy of the shoulder peak and is probably related to the recovery of residual stresses in the HPTdeformed samples. By the observation of other DSC scans for heating to the temperatures between 523 K to 723 K, followed by annealing at each temperature for 1 h, it is clear (Fig. 4 ) that these curves are quite flat and the onset temperature of the exothermic signals are at 493 K, 553 K and 573 K, when the sample was heated to the maximum temperatures 523 K, 563 K and 623 K, respectively. At the higher temperatures no signal is measured after further annealing at 723 K. A large exothermic signal is observed on heating the specimen to 575 K.
A further calorimetric analysis has been done to explain the crystallization kinetics during isothermal annealing. Since the signal is rather weak, develops sluggishly and Fig. 6 . δH is calculated in the following way:
δH total is the heat release during heating of the sample from 323 K to 723 K and has the constant value 38.62 ± 1.78 J/g. The heat release during continuous heating up to the annealing temperature, δH 1 , was measured and samples were annealed for 1 h at the final temperatures in the range from 453 K to 723 K. After that the same sample was continuously heated from 323 K to 723 K and the heat release during this heating, δH 2 , was measured. Thus the heat release during isothermal annealing, δH, is calculated using Eq. 4. The values of δH, δH 1 and δH 2 are plotted in Fig. 6 as a function of the isothermal annealing temperature. The data obtained from this analysis
shows an unexpected but reproducible tendency: the value of δH decreases at T A = 523 K due to the increase in the value of δH 2 . This experimental result thus means that the crystalline fraction decreases with increasing temperature.
The XRD spectra after each annealing treatment in the DSC are shown in Fig. 5 .
These XRD spectra were recorded on the same sample used for the DSC measurements (sample used for Fig. 4 ) during annealing in order to achieve maximum comparability between calorimetry and X-ray diffraction results. The as-prepared specimen reveals a disordered structure at room temperature with a very broad peak corresponding to the amorphous phase, centered at 2θ = 42.3° including the small peak at 2θ = 39.8°. Similar to the result obtained after annealing at 453 K a broad peak was observed at 2θ = 42°. This less broad peak indicates that on annealing at 453 Table 1 together with the respective annealing temperatures.
Discussion
It is well known that NiTi is susceptible to amorphization as a result of various processing treatments and the formation of an amorphous phase was detected, for example in the case of ion beam mixing [31] , mechanical alloying [32] , ion implantation [33] , shot peening [34] , as well as cold rolling [24, 26, 35, 36] and shear deformation [37] . However in these publications the amorphization of NiTi was [12] we demonstrate the formation of bulk amorphous NiTi alloy by HPT and the formation of a homogenous nanostructure by its crystallization and growth under controlled heating and annealing conditions. The as-deformed NiTi alloy was partially amorphous, with nanocrystals of extremely small sizes of 5-15 nm in diameter (Fig. 2a) . This feature is also reported by Sergueeva et al. [12] . Fig. 2 shows the amorphous bands after heating to 453 K and 523 K, these bands are probably connected with deformation localization in the shear bands. The electron diffraction pattern made from an amorphous-nanocrystalline area (Fig. 2d) demonstrates the presence of the amorphous phase halo and extended reflexes from the nanocrystalline B2 phase. Peterlechner et al. [28] have also reported the presence of well-defined interfaces of amorphous bands with respect to the nanocrystalline phase in the cross-section of HPT-deformed NiTi, while in case of the plane-section, the amorphous phase is obscured by overlapping nanograins in the TEM projection. In the present study, the amorphous bands in the plane-section are well-defined and straight interfaces with respect to the nanocrystalline phase (Fig.   2b ).
The data analyzed in Fig. 6 shows an unexpected but reproducible tendency: the value of δH decreases at T A = 523 K due to the increase of the value of δH 2 . It is obvious, that this signature of the enthalpy release cannot be explained by nucleation and growth transformations, since these processes are monotonous in temperature. The possible cause of this unusual decrease in δH is a reverse amorphization during annealing at 523 K. The microstructure in Fig. 2c shows amorphous bands between the crystalline regions. These amorphous bands are the region of deformation localization where the highest defect densities were created. The crystals which are K after annealing at 523 K) and a corresponding decrease in δH. The value of δH at T A = 453 K is higher than the value obtained after annealing at T A = 563 K and 623 K due to the stress relaxation in addition to crystallization. It also implies that the annealing treatment induced crystallization at lower temperatures and grain growth at higher temperatures, this explanation is also supported by the TEM data shown in Fig. 3 . The large variation in the grain size after annealing at 723 K, (Fig. 3d and 3e) shows that these grains are most probably those grains, which were already present after HPT deformation and became large during the annealing treatment. The results indicate that crystallization occurs by nucleation of new crystals and the rate of volume transformation due to nucleation is faster than the growth rate of pre-existing nanocrystals [38] at lower temperatures, while at higher temperatures grain growth of newly formed crystals and preexisting nanocrystals takes place simultaneously.
The grain sizes mentioned in Table 1 , after annealing at 523 K and 723 K were used to estimate the decrease of the grain boundary energy after heating to temperatures above 523 K to 723 K (Fig. 7) by using the equation: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Summary
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